agricultural runoff and mining activities. The toxicity of heavy metal ions in solution to microalgae is well known. The essentiality and toxicity of heavy metals has been a subject of extensive research (Stokes 1983) . From a biological point of view, heavy metals can be divided into two categories: essential and non-essential. However, essential heavy metals also have been reported to be toxic at high concentrations.
Many of these metals have a direct influence on various physiological and biochemical processes including reduction in growth, photosynthesis, and chlorophyll content or inhibition of enzyme activities (Reddy and Prasad 1990 ).
Microalgae already have been used as biological indicators to assay pollutant toxicity (Hornstrom 1990) . Interest in microalgae can be explained because they make up most of the base production of marine ecosystems, a base which would probably cause effects on higher trophic levels if it was disturbed.
To evaluate different aspects of copper toxicity to marine microalgae, growth responses, photosynthetic pigment content, photosynthetic rates, cell viability, and cell volume of the naked marine microalga Dunaliella tertiolecta during exposure to selected concentrations of copper were examined.
MATERIALS AND METHODS
Dunaliella tertiolecta (Chlorophyceae) was batch cultured in seawater that had been filtered through a 0.45 11m Millipore filter, autoclaved at 120°C for 60 min and enriched with the growth medium reported by Fabregas et a1. (1986 .
Pigments were extracted in 90% acetone at 4°C for 24 hr, and the concentrations of chlorophyll a and b were determined by the formula of Jeffrey and Humphrey (1975) , and carotenoids concentration by the formula reported by Strickland and Parsons (1972) .
The effect of copper on photosynthesis was determined by estimation of carbon fixation, recording the uptake of HC from NaH 4 CO 3 . Other unicellular algae have been reported to respond to toxic levels of metals by depressed cell division rates (Fisher et al. 1981 ). It has been suggested that copper might prevent the production of methionine which appears necessary for cell division (Davies 1976 . These values were 3.3 times lower than those obtained in control cultures for chlorophyll a and 4.4 times lower for carotenoids, whereas differences accounted for only 1.56 times chlorophyll b.
Lustigman (1986) observed enhancement of pigment concentrations in D. tertiolecta as a result of copper toxicity; however, the duration of the experiments were different (14 days).
Besides these effects, cellular responses of D. tertiolecta to copper were also considered after 1 hr exposure. These responses were analyzed by flow cytometry (FCM) using a 1024~channel resolution. Copper exposure induced changes in cellular volume (Fig. 3 ). There was a great increase in the cellular volume (FSC in flow cytometric terms) when the copper concentration increased (Table 1) , observed by the movement of the population along the x-axis in the scattergrams (Fig. 3) . , probably due to the increase of the permeability of cell membrane to Na + . Heavy metals change cell membrane permeability to small cations (OverneIl1975).
Cellular viability was determined using the propidium iodide (PI) unability to pass through intact cell membranes. The integrity of the cell membrane fails as cells die, so that PI is able to enter the cell and selectively bind to nucleic acids (Ormerod 1990 ), In this way, PI fluorescence can be used to discriminate between live non-fluorescent cells and dead or damaged fluorescent cells. As shown in Fig. 4 and Among the many methods providing an evaluation of toxic effects on cultured cells, viability assays are the oldest and most widespread technique. The major criteria employed in viability assays is the membrane integrity. Cells that have lost the integrity of their plasma membrane, and have become permeable to external compounds, such as dyes and enzymes, are considered to be non-viable and they are not metabolically active (Frankfurt 1990 ). Measurements of cell viability may be of importance for characterization of cell populations exhibiting spontaneous cell death, such as cells affected by cytotoxic agents (Frankfurt 1990 
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